Introduction
Under conditions of modern economic development, there is a need to create new resource-saving processes and equipment that meet all international requirements. In this case, such indicators should be strictly monitored as quality of the manufactured product and ecological safety of conducting production processes.
Manufacturing food products from vegetable raw materials has important economic and social significance. Vegetables play an important role in the nutrition of all categories of population, which necessitates their presence in people's daily diet. Therefore, safety and quality of such food, the absence of physical, chemical and microbiological contamination should be warranted by manufacturers and processors. To guarantee the safety, producers should apply control measures along the entire chain of the production processobtaining, processing and preservation of vegetables. These requirements imply high quality and ecological cleanliness of the products, as well as maximum mechanization and automation of the processes [1] . One of the main tasks for the vegetable-processing industry is to use modern advanced technology during production [2] . But the intensity of the pace of development is reduced due to the low degree of mechanization of most of the processes in the processing of vegetable raw materials, a high degree of manual work. As a result, it is impossible to manufacture the products that would meet European and world requirements [3] .
One of the ways to ensure the chosen direction on resource-and energy-saving is the development and implementation into production of new technologies and equipment for cleaning vegetable raw materials. Despite the fact that at present sufficient volume of equipment is used to conduct the process of cleaning vegetables, there are many problematic issues that need to be addressed. It is known that during the process of cleaning, a large part of these raw materials is lost. This happens due to moral and physical wear of the equipment created earlier for the implementation of the cleaning process. Most of the devised processes of cleaning vegetable raw materials lost their relevance, since they are characterized by significant energy consumption and low quality indicators of products [4] .
A promising trend of the intensification and mechanization of the process of cleaning vegetable raw materials is the development of new specialized devices, whose principle of functioning is based on the combination of thermal and mechanical processes [5] . Implementation of innovative combined ways of cleaning is complicated by the lack of comprehensive research in this direction as a whole, in particular, appropriate information on the typical structural-mechanical, physical-mechanical and thermal-physical properties of vegetable raw materials, techniques and experimental installations to determine their influence on the parameters of processes.
At the present stage of development of society, a relevant and important direction, providing for a more rational use of resources, is the development and implementation of new technological processes [6] . To date, there is an intensive development of food and processing industry and the introduction of new progressive technologies, energy-and resource-saving efficient technological processes of processing raw materials with maximum preservation of food and biological value [7] .
But it should be noted that labor productivity at the Ukrainian enterprises that process agricultural raw materials is 2-4 times lower than that at the similar enterprises in developed countries; about 50 % of labor-intensive operations are performed manually and only 10 % of the existing equipment are running under automated mode [8] . To solve the problem of processing agricultural raw materials, it is necessary to design technical means not only for the industrial processing of agricultural raw materials but introduce manufacturing of compact equipment for restaurants, farms mini-shops and private enterprises. It is economically sensible to apply universally and multioperational compact equipment, which is capable of several processes, which will make it possible to process different kinds of raw materials and produce a variety of products with stable quality indicators. The development and implementation in the production of environmentally safe energy-saving equipment of the new generation, which implements principally new combined methods of comprehensive processing of agricultural raw materials is a relevant and priority task.
Literature review and problem statement
Processing of vegetable raw materials is important in the food industry and restaurant industry. One of the most labor-intensive processes that are used at the enterprises of restaurant business is the process of cleaning vegetable raw materials. The following methods for cleaning the vegetables are used: physical (thermal), steam water thermal, chemical, mechanical, combined and burning by air. All of the above mentioned methods of cleaning from inedible inner part have reached today a high degree of development and are effectively used in the processing industry. Of the considered techniques, mechanical method of cleaning has become the most widely used due to low energy consumption for the provision of the process, relative simplicity of design of the equipment, environmental friendliness, ease of service [9] . But mechanical cleaning method is characterized by high losses of raw materials.
Despite the low level of mechanization of the process of cleaning onion at the restaurant enterprises, it is necessary to analyze possible expediency and efficiency of applying the methods and devices, which are used at the enterprises of vegetable-processing industry. A comprehensive treatment of onion is conducted, as a rule, on the onion-cleaning lines, which include a number of machines and auxiliary mechanisms [10] . The line includes a unit for sorting the onions, mechanisms for drilling the stems and cutting the neck by a knife with pressure fork, frictional installations of periodic action for peeling the bulbs from the husk with the mechanism of temporary control of the operation duration, scales to determine the amount of weighted material and water jet wash.
Some vegetable drying plants operate universal line for the preparation and drying of onion. The line includes machines for preparing the onion to drying, a dryer and equipment for processing dried onion. The line provides for the production of dried, sliced into rings, shredded onion and onion powder [11] . The amount of waste during operation of the line is from 20 to 26 %. Given the overall dimensions and high productivity of the technological line, its use in the restaurant business is not expedient.
In the course of mass processing of onion, the method of its cleaning is applied using carbon dioxide. A device for the implementation of this method is equipped with the unit for cleaning the hulls using chemicals, allowing facilitation and improvement in reliability of peeling the hulls from onion and the reduction in water consumption [12] . Considered machine requires significant production areas, has large dimensions, is highly productive as it is designed for large processing enterprises, and it cannot be used in restaurants.
Another issue that arises and requires a solution in the process of processing onion is cleaning slightly frozen and frozen onion. The design of device for cleaning frozen onion has certain peculiarities of operation [13] . The disadvantages of this device is the low quality of cleaning, a considerable amount of waste and loss of valuable parts of the bulb with the hulls through cleaning by cutting, the need to control the level of onion to ensure the implementation of the cleaning process, impossibility to use in restaurant business.
Hydraulic method to clean onion that is used primarily on vegetable drying plants is characterized by certain features of its application, the main being the need to additionally clean the bulbs. When cleaning the non-calibrated onion in the washer machine, they received: 39 % fully cleaned bulbs, which require additional neck and stem cutting, 38 % half-peeled and 23 % not-cleaned bulbs [14] . Labor productivity while additional onion cleaning, after its pre-treatment in the washer machine, increased by 36 % compared to when conducted manually.
Presented overview of equipment for cleaning onion demonstrates the impossibility of using existing designs, intended for use in the vegetable processing industry, in restaurant business. In addition, presented equipment do not provide for high quality of cleaning the onion from peel and have certain drawbacks. Machines for the pre-treatment of onion perform, as a rule, one operation. When using ma-chines for the pre-treatment of onion, simultaneously with an increase in productivity compared with manual handling, the losses for cleaning increase. For the implementation of technological process of the pre-treatment of onion, the lines from a series of single-purpose machines are usually created that always have different performance efficiency and capacity, due to which the lines are large in size and low productive. When using the line to clean onion from the husk, a separate machine is necessarily required and when using the line to clean onion from the stem and neck, it is required to have mandatory quality calibration of each bulb and to use a separate machine [15] . The process of cutting onion is conducted in separate units, requiring certain time for reloading cleaned onion, and it reduces quality of the product when using the onion-cleaning lines. After the end of the processing, it is necessary to carry out additional manual cleaning and sorting of raw materials [16] . The machines and lines for the pre-treatment of onion imply a significant proportion of manual labor as the known machines do not allow conducting all basic technological operations for the pre-treatment of onion.
Thus, the known machines for the pre-treatment of onion are not universal, low efficient, and have a limited scope of application.
Based on analysis of the presented techniques for cleaning and the installations for their implementation, effectiveness of their work and the possibilities of applying in restaurant business and vegetable processing enterprises, we can conclude that the problem of cleaning has not been fully resolved up to now. One of the ways to ensure the chosen direction towards resource-and energy-saving is the development and implementation of environmentally safe equipment that realizes principally new combined methods for comprehensive processing of various types of agricultural raw materials with stable quality indicators. An implementation in one machine of multiple processes allows us to cut down on additional equipment for calibration, sorting, washing, pre-treatment, which, in turn, will ensure safety during production, contributing to the more rational use of resources [17] .
On the basis of the conducted review of the literature data, it was proved that during the cleaning of onion, a significant part of the raw material is lost while effective quality control over final products is missing. Well-known machines for cleaning onion remain ineffective, require additional equipment and performing manual pre-treatment and have a limited segment of their application.
A promising trend of the intensification and automation of the process of high quality cleaning of onion is development of the device for cleaning onion ACR-10/160, the new specialized unit whose principle of functioning is based on the synthesis of thermal, hydrodynamic and mechanical processes of treatment. The country of origin is Ukraine. Design of the device is protected by the patent of Ukraine for invention No. 106813 [18].
The aim and tasks of the study
The aim of present work is to study the process of mechanical treatment of napiform onion during its cleaning by the combined method and to determine rational parameters of conducting combined process of cleaning napiform onion.
To achieve the set aim, the following tasks were to be solved:
-to devise methods and experimental installations for conducting the process of mechanical cleaning and to study its influence on the quality of cleaning and the percentage of losses of napiform onion;
-to determine impact of the duration of preliminary cooking with steam of the surface layer of napiform onion and structural parameters of working drum on the maximum degree of cleaning of raw materials;
-to explore dependence of the degree of cleaning the bulbs on the coefficient of filling the working volume of the drum and the depth of the product penetration;
-to build a mathematical model for the process of additional mechanical cleaning of raw materials for determining the most rational motion of product in the drum unit of the device.
Materials and methods of research into mechanical processing of vegetable raw materials
In order to minimize the loss of raw materials and to improve at the same time quality of cleaning the surface of the napiform onion, there is a need to conduct research into determining the duration of conducting the process of mechanical cleaning, depending on the effort to remove the husk.
We propose to use in the designed experimental setup ( Fig. 1) a rotating drum as a working chamber. Based on the above selected factors, which need to be explored, we devised a technique to examine the process. This technique of examining the process of vegetable raw materials mechanical treatment is presented in detail in paper [19] . For theoretical modeling of the process of mechanical cleaning of onion in the proposed drum-type device, we shall use general theory of drum mills. This theory examines the motion of a layer of solid spherical particles in the drum, which rotates at a certain frequency. This model can be expanded to the motion of napiform onion in the proposed device because the basic assumptions of the model remain the same: -particles -solid balls with a diameter much smaller than the diameter of the drum;
-for the mode of developed motion of the layer of particles, the equation of only one particle is considered; -a particle is in contact with the inner surface of the drum until the moment of separation from it; -in the moment of breaking, the particle loses contact with the drum.
Depending on the rotation frequency of the drum, there are three operating modes of motion of the layer of particles (Fig. 2) , which are defined by the ratio of rotation frequency to the critical frequency: Critical rotation frequency of the drum is determined under conditions of equality of the centrifugal force and the force of gravity:
Hence, taking into account connection between cyclic frequency and rotation frequency ω = πn / 30, we obtain:
where m is the mass of a particle, kg; w is the cyclic rotation frequency of the drum, rad/s; n cr is the drum rotation frequency, min -1 ; R is the inner radius of the drum, m. Under the first mode of motion of the layer of particles at n=0,4…0,6n cr , there is the equilibrium state of the layer without destroying its shape due to the fact that the forces of friction and the force of gravity exceed the centrifugal force and the main interaction between the particles and the inner surface of the drum occurs due to friction. The layer of particles under the influence of friction force is trying to move up, but the growing component of the force of gravity eventually makes the whole layer shift into the equilibrium state. Periodically, this oscillatory motion is repeated. In terms of the process of cleaning onion, it is an ineffective mode because the equilibrium of all forces applied to the bulb may be less than the effort to remove its husk.
The third mode at n³n cr is also ineffective in terms of cleaning because it lacks the motion of bulb relative to the inner surface of the drum with the cutting openings.
It is obvious that the optimal mode is the second mode at n=0,6…0,8n cr when the layer of bulbs loses equilibrium state and the sliding forces occur relative to the inner surface of the drum, which, together with the force of friction, determine the effort of cutting the neck and stem of bulbs. In this case, removal of husk is achieved due to the friction between individual bulbs.
Based on this analysis, we shall define theoretical conditions for the work of the set-up for cleaning onion under optimum mode. First, we shall obtain necessary geometrical ratios (Fig. 3) . Fig. 3 . Scheme of position of the layer of onion in the drum Let us find the magnitude of coefficient of filling the drum:
where b is the coefficient of filling the drum with a layer of product; S d is the cross-sectional area of the drum; m 2 ; S p is the cross-section of the drum filled with product, m 2 . The magnitude S p will be found as the difference between areas of sector AСBА and triangle ABC with AC ground.
Obviously:
where g is the central angle of the segment with product, rad. Accordingly, the area of the layer of product:
Substituting (7) into (3), and taking into account the area of cross-section of the drum:
we obtain the magnitude of coefficient of filling the drum with a layer of product:
The mass of the product in the set-up will be found with regard to the bulk density of the product and coefficient of filling the drum with product:
where r pb is the bulk density of product, kg/m 3 ; b is the length of the drum, m.
The distance to the center of masses of the segment of product is determined by the known formula:
where r c is the distance from the axis of rotation of the drum to the center of masses of the segment of product. The next step will define the boundary conditions for the existence of the first mode of motion of the layer of bulbs when the layer retains its shape and moves as a whole one. This, as stated above, is not optimal mode in terms of cleaning, but the particular boundary conditions of this regime determine the minimum rotation frequency of the drum, above which the second one starts -the optimal mode of operation of the set-up.
Let us find connection of angle a 1 , at which we may rotate the layer of product relative to the horizontal axis of the drum without disturbing its shape (Fig. 4) . The equilibrium of product segment with mass m p is determined from the condition of equality of oppositely directed moments of forces -friction М fr and moving component М g of weight М g =mgsin(a 1 ). Force of friction F fr is written down as the product of coefficient of external friction f fr and force of normal pressure; the latter is the sum of the centrifugal force acting on the centre of gravity of segment F c =m p r c w 2 and radial component of force of gravity mgcos(a 1 ), that is
Shoulder of the force of friction is equal to radius of the drum R, shoulder of the moving force of gravity is equal to the distance to the center of masses of segment r c (14) . Equality of these moments determines the conditions for the equilibrium of entire segment of the product:
f (m r m g cos )R m g sin r .
The last equation is convenient to represent for analysis in the dimensionless form. After simple transformations, we obtain γ − γ = α − α γ 
where ω = 2 R Fr g is the Froude number; R is the radius of the drum, m; w is the cyclic rotation frequency of the drum, rad/s; g is the free fall acceleration, m/s 2 . It is obvious that the maximum angle of lifting the segment of product is equal to the angle of natural bevel of the layer of bulbs max(a 1 )=a у and maximum central angle of the segment with product in this case g=180°, because at larger values of angles a 1 and g, the entire segment of product will be destroyed (upper bulbs of the segment will be rolled along its outer surface). Taking into account these considerations, the Froude number's boundary value for the first mode of motion is equal to:
If we substitute in (15) the value of natural bevel angle of the layer of bulbs a у =40° and coefficient of friction of a bulb with metal f fr =0,29, then we receive the condition to determine minimum rotation frequency of the drum: where n min is the minimum rotation frequency of the drum, min -1 ; R is the radius of the drum, m. Let us note that this formula is valid only for the maximum permissible load of the drum under the first mode of motion, which is easy to calculate by substituting in formula (9) values g= p, then b max =0.5.
If the load is less, then the first mode of motion of product in the drum will occur at larger rotation frequencies because moment of moving force α ⋅ p 1 c m g sin r increases (due to r c ), and, to compensate for it, it is necessary to increase the force of normal pressure. This dependence, based on (15) and data for onion a у =40° f fr =0.29, takes the following form:
In this formula, central angle of the segment with product varies in the range 0<g£p, corresponding to the coefficient of loading according to (9) within 0<b£0.5. Formula (19), together with (18), allows us to calculate the minimum rotation frequency of the drum for the transition into optimal mode of motion of the layer of onion at random drum load, in contrast to (16) .
As noted above, optimal conditions for cleaning onion in the drum occur under the second mode of the motion of its layer, the upper limit of which is the critical rotation frequency (2) . It should be noted that formula (2) does not correspond to the real situation since, when receiving it, the assumption was made that the layer of product is infinitely thin, meaning the load factor of the drum b→0. When actually loaded, the bulbs in the drum will take up a certain volume, the thickness of their layer for the third mode of motion is related to the load factor by obvious ratio:
where R 1 is the inner radius of the layer of product, m. Hence
The equilibrium conditions for the layer of product under the third mode of motion will be determined by centrifugal force for the smallest radius of the layer, that is,
from where, given (21) and expression for Froude number, we shall receive boundary condition for critical (maximum) rotation frequency of the drum:
When Froude numbers exceed Fr max , the third motion mode will be provided for the entire layer of product. Thus, the optimal mode of operation of the set-up for cleaning onion is defined by the following range:
With regard to (19) , (23) and (9), we shall receive
In practice, it is convenient to use as an argument not the central angle of the segment with product g, but the coefficient of filling the drum b, but expressing the relationship g(b) from transcendental equation (9) is not possible, that is why we proposed approximate equation, found by the method of regression analysis, which describes exact decision (2) with error of 5 % in the range b=0,2…0,8 (Fig. 5) .
Then condition (26) can be written down through coefficient of filling the drum:
Fig. 6 displays dependences of determinant criterion Froude on the coefficient of filling the drum with onion. As already discussed above, the region of optimal modes of the setup for cleaning onion lies between the lines of maximal and minimal Froude numbers, that is, it corresponds to mode II. With a decrease in the coefficient of filling, the range of optimum modes narrows and at values b<0.2, there is no second motion mode of the layer of bulbs in the drum, that is, the existence of either the first or the third mode of motion is possible, but, as noted at the beginning of the section, they are ineffective in terms of mechanical cleaning. It should be noted that the results presented will certainly be subject to experimental refinement because the resulting model only in the first approximation represents complex real processes that occur when moving a product in the centrifugal drum. These data were used in planning further experimental research, the purpose of which was to find the optimal modes of operation of the set-up for mechanical cleaning of onion.
The effectiveness of removing husk of onion after thermal treatment can be evaluated by measuring the magnitude of effort to remove the husk from onion. Fig. 7 displays dependence of influence of the duration of thermal processing of onion on the effort for removing its husk. Reducing the magnitude of the effort for removing the husk will occur as a result of weakening bonds between cells of the surface layer of napiform onion. The conducted studies allowed us to find out that during the process of mechanical cleaning, the depth of thermal treatment of napiform onion will significantly affect the percentage of losses of raw materials, and the effort to remove the husk will affect the percentage of cleaned bulbs and duration of the process of mechanical cleaning of onion. In order to improve quality of cleaning and minimize the loss of raw materials, it is necessary to identify all the factors that influence this process. A direct impact on the process of mechanical cleaning will be exerted by the duration of this process. An increase in the duration of the process of mechanical cleaning leads to increased losses of raw materials, but their reduction could lead to deterioration in the quality of cleaning the product.
In order to minimize the loss of raw materials and to improve at the same time the quality of cleaning the surface of napiform onion, there is a need to conduct research into determining the duration of carrying out the process of mechanical cleaning, depending on the effort to remove its husk. Results of these studies are presented in Fig. 8 . The results of research presented indicate that onion, whose husk is separated with a large effort, requires longer mechanical cleaning.
A correlation analysis revealed that the largest degree of correlation is demonstrated by the percentage of cleaned bulbs and the thickness of penetration through the surface layer of bulbs. That is why, by the methods of regression analysis (Table 1) , we established the following dependence of the percentage of cleaned bulbs on the thickness of penetration through their surface layer:
where P is the percentage of cleaned bulbs, %; d is the thickness of penetration through the surface layer of onion, mm; а і are the regression coefficients. Fig. 9-11 demonstrates the calculated data, built according to model (28), to determine the percentage of cleaned bulbs from the thickness of penetration through the surface layer of a bulb.
The obtained data allow us to state that the maximum degree of cleaning the bulbs is approaching 100 %; in this case, at a low drum filling factor 0.3…0.5, we observe two extrema in the range of thickness of the penetration 4…4.5 mm for K у =0.3 and 3.5…5 for K у =0.5. The curves are divided into two families: curves 1, 2, 4 have a smaller area of openings of the drum than curves of 3, 5, 6. At the same time, for the drum filling factor at 0.7, there is only one extremum at d=4.8 mm. Fig. 9 . Influence of the thickness of penetration through the surface layer of bulb on the degree of cleaning the bulbs at load factor 0.3 and shape and diameter of openings: 1 -circle, 12 mm; 2 -circle, 17 mm; 3 -circle, 22 mm; 4 -ellipse, 12×18 mm; 5 -ellipse, 17×23 mm; 6 -ellipse, 22×28 mm Thus, depending on the filling factor, the maximum of degree of cleaning is observed for openings with a larger area, but at different depth of the penetration.
Let us separately consider the question of rational rotation speed of the drum during mechanical cleaning. Fig. 12 demonstrates results of regression analysis of dependence of the degree of cleaning on the drum rotation frequency. Fig. 10 . Influence of the thickness of penetration through the surface layer of bulb on the degree of cleaning the bulbs at load factor 0.5 and shape and diameter of openings: 1 -circle, 12 mm; 2 -circle, 17 mm; 3 -circle, 22 mm; 4 -ellipse, 12×18 mm; 5 -ellipse, 17×23 mm; 6 -ellipse, 22×28 mm Fig. 11 . Influence of the thickness of penetration through the surface layer of bulb on the degree of cleaning the bulbs at load factor 0.7 and shape and diameter of openings: 1 -circle, 12 mm; 2 -circle, 17 mm; 3 -circle, 22 mm; 4 -ellipse, 12×18 mm; 5 -ellipse, 17×23 mm; 6 -ellipse, 22×28 mm
As we can see, the optimal value of rotation frequency by the indicator of quantity of removed parts of a bulb corresponds to value 100 min 
where K is the number of removed parts of a bulb, %; n is the drum rotation frequency, min -1 . The presence of characteristic optimum of rotation frequency n=100 min -1 directly follows from the theoretical model of the process of cleaning. According to this model, at high rotation frequencies, there occurs the so-called third non-working mode of the drum when the layer of bulbs is pressed to the inner surface of the drum by centrifugal force and at which efforts for cutting do not occur. Fig. 12 . Determining optimal drum rotation frequency by the indicator of quantity of removed parts of a bulb:
× -experimental research; ---correlation curve
Discussion of results of examining the process of mechanical cleaning of napiform onion
The research results of the combined process of cleaning napiform onion allow us to specify the duration of its pre-boiling to the condition that provides for the maximum degree of cleaning and minimum percentage of losses of raw materials during subsequent mechanical treatment.
The obtained data enable us to state that the maximum degree of cleaning the bulbs is 88…98 %, coefficient of filling the volume of working drum is 0.3…0.7.
As a result of regression analysis of dependence of the degree of rotation frequency of the drum, we defined rational value of its rotation frequency by the indicator of quantity of removed parts of a bulb, which corresponds to 100 min -1 . A larger rotation frequency leads to pressing the layer of bulbs onto the inner surface of the drum by centrifugal force; in this case, efforts on cutting do not occur.
A mathematical modeling of the process of mechanical treatment of napiform onion with the purpose of defining rational parameters of the combined process of cleaning is a new study to date. Based on the conducted theoretical and experimental research, we designed a device for the combined cleaning of onion and specified rational modes of its operation. This will substantially intensify and mechanize the cleaning process, will provide high quality of cleaning the product and minimize the loss of raw materials. Designed device for the combined cleaning of napiform onion might be used in restaurant business, purchasing departments and at the enterprises of food industry. Further studies are planned for conducting design calculations of the device for the purpose of its improvement, which will provide the possibility to take the size of the bulbs into account, as well as their varietal features in the process of cleaning.
Conclusions
1. We designed an experimental installation with the appropriate methodology that allows studying the process of mechanical cleaning of napiform onion and determined
